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CHAPTER 1. INTRODUCTION
Spotted knapweed, Centaurea maculosa Lam. (Compositae) isan extremely
successful weed species, introduced from Eurasia at the turn of thecentury, that has
invaded the rangelands of the northwestern United States and parts of Canada. Multiple
factors may be responsible for its success, including chemical defense. Two different
types of putative chemical defense agents, both carbon-based compounds,are the focus of
this thesis. The first is a bitter-tasting sesquiterpene lactone, cnicin, whichoccurs at high
concentration in foliar tissues; the second is a group of polyacetylenic compounds
produced in the roots. Both compounds are biologically active against prokaryotesand
eukaryotes, suggesting roles in chemical defense. The production of defensive
compounds by plants is governed by each individual plant's genetic makeup,
evolutionary history, developmental stage, nutrient status, and environmentalconditions
(Ellis, 1997). The latter parameter was of interest in this study,as I measured the effect
of differences in environmental conditionson levels of cnicin and polyacetylenes.
1.1. Background for C. maculosa
1.1.1. Biology
Spotted knapweed (Centaurea maculosa Lam.) isa short-lived perennial. During its
first growing season, it exists as a non-flowering rosette; in subsequentseasons, it bolts,
sending up one or multiple stems. These stems flower basedon maturity, so that a single
plant may have several stems flowering at different times. Multiple inflorescencesper stem
produce a large number of seeds. Schirman (1981) reported between 11,000and 29,000
seeds per m2, although biocontrol has since reduced seed production inmany areas. Most2
seeds fall to the ground after the flowers dry, but somemay be dispersed via plant parts
attached to animal fur, vehicles, or other modes of transportation. The seeds themselves
exhibit elaiosomes (fleshy appendages) which encourage dispersal and "planting" byants
(Pemberton and Irving, 1990). Seeds germinate either in fallor early spring to produce
rosettes (Watson and Renney, 1974). The germination rate is over 80% under optimal
conditions (Watson and Renney, 1974; Eddleman and Romo, 1986); in addition,
ungerminated seeds can remain viable in the soil for as muchas eight years (Chicoine and
Fay, 1984; Davis and Fay, 1991). C. maculosa prefersopen, unshaded habitat, at altitudes
ranging from 30 to over 1200 meters. Colonization and spreadare most prevalent in areas
demonstrating substrate disturbance such as roadsides and grazed land (Watson and
Renney, 1974). Although it is a valuable pioneer species (Watson and Renney, 1974), C.
maculosa also invades native rangelands (Harris and Cranston, 1979), forests,waterways,
and other areas (Tyser and Key, 1988; Durgan, 1989).
The high nutrient content of C. maculosa (Kelsey and Mihalovich, 1987; Wright
and Kelsey, 1997) suggests high forage value for herbivores, and it is selected undercertain
circumstances. Rodents will eat the seeds (Watson and Renney, 1974) and sheep, cattle,
deer and elk will sometimes also browse it (Cox, 1989; Wright and Kelsey, 1997).
However, the plant appears largely free of natural enemies in North America, and grazing
by native herbivores is minimal (Schroeder, 1985; Muller-Scharer and Schroeder,1993;
Landau et. al., 1994). Stems and branches of the inflorescencesare fibrous and tough, and
the leaves are covered with hairy and glandular trichomes. These features probably deter
selection of this plant to some degree (Watson and Renney, 1974). Foliar chemicalsmay
also deter feeding. In addition, roots may also contain phytochemicals which discourage
loss of carbohydrate to herbivory or disease.
1.1.2. Economic and environmental impact
C. maculosa was introduced into the Pacific Northwest from Eurasia at theturn of
the century (Watson and Renney, 1974). It has since established itself inmost northern3
states as an economically important weed, especially on rangelands of the western United
States. Following the invasion of a site by spotted knapweed, species richness and
numbers on native grassland decline, as do forage yields (Watson and Renney, 1974; Tyser
and Key, 1988). Habitat destruction ensues due to increased surface runoff and sediment
loss, as spotted knapweed stands offer less groundcover and litter deposition for soil
protection than native vegetation (Harris and Myers 1986; Lacey et al., 1989). European
populations of spotted knapweed are also widespread, but reach maximum densities of only
about 20 plants/m2, as compared to densities of 100or more plants/m2 in American
populations (Muller- Scharer, 1991). The success of C. maculosa is due inpart to the
absence of the natural enemies in North America (Muller- Scharer and Schroeder, 1993).In
an effort to rectify this situation, a screening effort for potential biological control species
began in 1961 in Europe. The first control agentswere introduced to Canada in 1970, and
to the United States in 1973 (Muller- Scharer and Schroeder, 1993).
1.1.3. Biological control
Eleven insect species which attack spotted knapweed, suchas Agapeta zoegana
(Lep. Cochylidae), Urophora quadrifasciata (Dipt. Tephritidae), and Urophora affinis,
were introduced from Europe to knapweed-infested areas of North America (Muller and
Schroeder, 1989; MUller-Scharer and Schroeder, 1993). Agapeta reduces biomass and
reproductive capacity of spotted knapweed by boring into roots and reducing biomass of
carbohydrate storage tissues. Both Urophora species oviposit into the flower heads;
developing larvae form galls and feed on flower head tissue. These larvaecreate a powerful
metabolic sink in the head of residence, and draw photosynthate from other flower headson
the plant (Harris 1980a and 1980b). Biocontrol has thus far been effective in reducingseed
production and reducing the likelihood of dispersal intonew areas. It has been less
effective in reducing existing population densities. Other non-chemical control methods
include burning, mowing, hand pulling, and grazing. Chemical control is costly and effects
are only temporary, and the other methods have been ineffective or inefficient (Kennett et
al., 1992; Lacey et al., 1994).4
1.1.4. Factors influencing the success of C. maculosa
An ecologically successful plant must not only obtain carbon and nutrients
efficiently, but must also retain them for growth and reproduction. Loss of biomassmay
result in diminished viability or reproductive success for the plant. For example, prolific
seed production, a characteristic common to many species of the Asteraceae, helpsto ensure
reproductive success. This is one target for biocontrol; seedhead flies, suchas the
introduced Urophora species, can reduce seed production by spotted knapweed, thereby
reducing its reproductive potential. The ecologicalsuccess of C. maculosa appears to be
heightened by mechanisms advantageous to nutrient competition,as well as mechanisms
for protection of carbon and nutrients that are captured by the plant.
1.1.4.1. Competition
The large taproot of C. maculosa allows utilization of water and nutrients
unavailable to root systems closer to the soil surface. This root systemmay partially
account for its apparent effectiveness at competition. Experiments have demonstrated
competition for light and nutrients in spotted knapweed communities. Storyet al. (1989)
observed that fertilization of knapweed sites resulted in significantlygreater increases in
spotted knapweed biomass than in biomass of competing vegetation, suggestinga
competitive advantage in N uptake. Kennett et al. (1992) found that spotted knapweed
biomass is adversely affected by all levels of light exclusion and also by competition with
bluebunch wheatgrass (Pseudoroegneriaspicata), a species frequently encountered in
spotted knapweed communities. In addition, those stresses imposed by competitionor low
nutrient availability are intensified by herbivory. Competition for soil nitrogen (N) in
combination with root herbivory by Agapetazoegana and Cyphocleonus achates reduced
C. maculosa biomass more than competition alone did (Muller and Steinger, 1990; Muller-
Scharer, 1991). Muller -Scliirer (1991) also found that low soil N intensified the effects of
grass competition on spotted knapweed biomass. Lacey et al. (1994) showed that5
competition depletes carbohydrate reserves in spotted knapweed, leaving itless vigorous.
Despite these stresses, spotted knapweedappears to have some sort of competitive
advantage. Upon introduction it is able to reduce community diversityand subsequently
dominate most sites, with the exception of wet meadowsor irrigated land, for many years
(Lacey et al., 1986).
1.1.4.2. Chemical defense mechanisms
Cnicin and polyacetylenes represent bioactive compounds found inC. maculosa
tissues that have potential to serve as biochemical defenses for the plant.Both belong to
classes of compounds which are commonly toxic (Marchant and Cooper,1987; Marles et
al., 1995). Although this study is limited to two classes of phytochemicals,other members
of the genus Centaurea may produce bioactive compounds suchas aromatic amines,
chromenes, phenols, nonterpenoid lactones, lignans, and triterpenes(Huneck et al., 1986
and Marco et al., 1992). If these types of compoundsare also present in C. maculosa, they
may provide other means of defense. A given species will generally have several
phytochemical defenses which may target different antagonists, includingmicrobial
pathogens, foliar and root herbivores, and competing plants. Defensivechemicals affect
herbivores to varying degrees, from simply conferringan unpleasant flavor, to causing
digestive disruption or even mortality. Allelopathic effects,too, may range from mild
growth retardation to mortality. Severity of the effectmay involve various factors,
including the proximity of the allelochemical'ssource to the affected plant. There may also
be polytrophic interactions responsible for phytoinhibitory effects;for example, secondary
metabolites are known to affect certain plant symbionts and rhizospheremicrobes, thus
indirectly affecting the competing host. Theco-occurrence of sesquiterpene lactones and
polyacetylenes in the Asteraceae is acommon feature of the family, and is especially
conserved within the Centuarea genus (Bohlmann, 1988), suggesting thattheir presence
confers an advantage, since natural selection has favored theirretention over evolutionary
time. The bioactivity of both types of compoundssuggests potential for chemical
communication between spotted knapweed and its surroundingcommunity, although the6
specific effect of these chemicals on individual community members remains largely
hypothetical.
1.1.4.2.1. Allelopathv
Distinguishing between the effects of competition and allelopathy,or determining
whether a compound that is phytotoxic in vitro acts similarly in vivo,can be challenging
(Kelsey and Everett, 1995). Spotted knapweed invasions decrease community diversity,
suggesting that the plant discourages establishment of neighbors through either competition
or phytotoxicity. Particularly successful "weedy" species often exhibit allelopathic
characteristics (Bell and Koeppe, 1972; Kanchan and Jayachandra, 1979; Bhowmik and
Doll, 1983; Schumacher et al., 1983). C. maculosa contains phytotoxic compounds which
could function as allelopathic agents (Fletcher and Renney, 1963; Kelsey and Locken,
1987; however, see Locken and Kelsey, 1987). Phytotoxic properties have been
demonstrated experimentally in both root and shoot tissues ofa related species, C. diffusa
(Muir and Majak, 1983). In C. repens, five polyacetylenic compoundswere isolated from
roots, one of which demonstrated phytotoxicity against several species (Stevens 1986a).
The phytotoxic polyacetylene was also isolated from the rhizosphere soil in inhibitory
concentrations (Stevens 1986a). However, it is important to note that allelopathy is
hypothesized to play a minor role for both C. diffusa (Muir and Majak, 1983) and C.
maculosa (Locken and Kelsey, 1987, Willard et al., 1988; Kelsey and Bedunah, 1989).
Litter deposition in natural situations is slow for C. maculosa,so cnicin, a phytotoxic foliar
constituent, does not build up to toxic concentrations in the soil (Locken and Kelsey, 1987).
Dried, ground C. maculosa foliage was inhibitory to germination and growth oftree
seedlings only when applied as concentrated, leaf-only applications (Willard et al., 1988).
Although aboveground tissues show poor candidacy for allelopathic roles in C. maculosa,
belowground tissues may contain phytotoxic chemicals. Crude, non-polar extracts of C.
maculosa root tissues were shown to be biologically active in brine shrimp bioassays
(Chapter 2). These extracts contained polyacetylenic compounds, with potential to
contribute to any allelopathic properties which may exist for this plant.7
1.1.4.2.2. Rhizosphere interactions
C. maculosa may indirectly affect neighboring plant populations by altering theN
availability in its rhizosphere. Plant-released phenolic and terpenoid compoundscan
decrease N availability in soil by binding and retaining nitrate in leaf litteror humus (Rice
and Pancholy, 1973 and 1974; Lodhi, 1978). Phenolics have been implicated in the
reduction of nitrification by direct effects on nitrifying bacteria (Baldwinet al., 1983;
White, 1986 and 1988; Horner et al., 1988) and nitrogen-fixing symbionts (Neaveand
Dawson, 1989). Soils with high levels of phenolic substances coincide with depleted
numbers of soil nitrifiers, resulting in a high level of ammonium in the soil (Riceand
Pancholy, 1973). Although it is possible that suchan induced selection for ammonium-
preferring plants in the community is instigated by knapweed, there isno evidence to
suggest that this occurs. Ammonium preference has not been determined for spotted
knapweed. In addition, with regard to microbialprocesses, leachable litter constituents such
as phenolics and terpenoids may be less important in affecting nitrification than the overall
litter quality (Barford and Lajtha, 1992). Overall, it is unlikely that terpenoidsor phenolics
from spotted knapweed are inhibiting microbial rhizosphereprocesses. Slow litter
deposition probably prevents the primary foliar terpenoid, cnicin, fromaccumulating in the
soil. Moreover, C. diffusa, a related species, does not significantly depress soilmicrobial
activity; neither does it appear to secrete phenolic substances into the soil (Muirand Majak,
1984). Other mechanisms are more likely to contribute to thesuccess of C. maculosa, and
cnicin in particular is more likely to function in above-ground defense, althoughthe
biological functions of the polyacetylenes in the rhizosphereare uncertain.8
1.1.4.3. Chemical defense compounds: cnicin and polyacetylenes
1.1.4.3.1. Cnicin
Members of the Asteraceae commonly contain glandular trichomes filled with
sesquiterpene lactones (Burnett et al., 1977; Picman, 1986), including cnicin in spotted
knapweed foliage. These compounds not only deter feeding through their bitter taste
(Burnett and Jones, 1978), but are also inhibitory to a number of cellularenzymes
(Marles et al., 1995). Cnicin (C20H2607) was first isolated and identified in the middle of
this century (Cavallito and Bailey, 1949; Suchy and Herout, 1962). Cnicin is present at
concentrations as high as 4% of C. maculosa foliar dry weight (Kelsey and Locken, 1987;
Olson and Kelsey, 1997). A defensive role for cnicin provides an explanation for the high
allocation of photosynthate to this compound. Cnicin has demonstrated biological activity
against bacteria (including sheep rumen microbes), insect larvae, plant seedlings, and
human carcinoma cells (Cavallito and Bailey, 1949; Vanhaelen-Fastre, 1972; Vanhaelen-
Fastre and Vanhaelen, 1976; Gonzalez et al., 1978; Kelsey and Locken, 1987; Locken and
Kelsey, 1987; Landau et al., 1994; Olson and Kelsey, 1997). Although the bioactivity of
cnicin has been elucidated, its ecological role is still in question. It may function in disease
defense. When Cavallito and Bailey (1949) first isolated cnicin from C. maculosa, they
investigated its antibacterial properties. Locken and Kelsey (1987) discussedreasons for its
unlikely potential as an allelopathic agent, but suggested that it may functionas a feeding
deterrent. Olson and Kelsey (1997) suggest that it inhibits sheeprumen microbe activity.
Landau et al. (1994) found that cnicin is an ovipositioning cue for one specialist insect
herbivore but is toxic to several non-specialist insect larvae. Secondary compounds in
plants which originally functioned as allomones (herbivore deterrents)can eventually be
tolerated, then perceived as kairomones (herbivore attractants) as herbivores develop
physiological adaptations to chemicals via reciprocal adaptive evolution. The fact that
cnicin seems to fall into both categories would imply that it has evolvedas a defense
compound, and is evolutionarily old enough for at least one herbivore to have developed
tolerance and even attraction for it.9
2CH
"...0--COC,-7CHOH CH 2 OH
CH2OHCO
Figure 1.1. Chemical structure of cnicin,a sesquiterpene lactone found in glandular
trichomes of C. maculosa foliage.
L 1.4.3.2. Polyacetylenes.
Polyacetylenes are found in a wide variety of organisms, from marinesponges to
plants. These compounds are toxic to such diverse organismsas viruses, bacteria, fungi,
nematodes, and insects (Towers and Wat, 1978). Polyacetylenes also exhibitvarious
properties with potential for medicinal applications (for example, Redlet al., 1993;
Matsuura et al., 1996 and Hallock et al., 1995). Polyacetylenes in C. maculosaroots
(Figure 1.2) were first noted by Bohlmann et al. in European populations(1966), and the
major polyacetylenic constituent of rootswas bioactive (Towers et al., 1977).
Polyacetylenes are quite ubiquitous among the Centaurea (Atkinson and Curtis,1965;
Bohlmann et al., 1966; Bohlman et al., 1973; Bohlmann, 1973; Stevens1986a and 1986b;
Stevens et al., 1990), where they appear to play important roles inphytotoxicity (Bohlmann
et al., 1973). Two of the three structures identified from C. maculosa in thisstudy (Chapter
2) have, in other studies, demonstrated biological activity in vitroagainst bacteria and fungi
(Towers et al., 1977; Marchant and Cooper, 1987). Root polyacetyleneshave been isolated
from soil in the rhizosphere of both C.repens (Stevens 1986a and 1986b) and C. maculosa
(Chapter 2), suggesting that these compounds diffuseaway from the roots. This mobility
could broaden the realm of chemical defense for these root compounds.The volatility of
polyactylenes, their presence in roots, their bioactivity, and their widespreaddistribution
across the genus Centaurea make them strong contenders for defensive chemicals.
However, their short half-life in the plant (1-2 days), reactivity (polymerization)in the10
presence of light, and instability at temperatures above about 30°C, make isolation and
characterization difficult (Stevens, 1986b). The multiplicity of such compounds with
bioactive and allelochemical properties in other species (Towers and Wat, 1978; Kobayashi
et al. 1980; Lund and White, 1990) warrants further investigation of their ecological role in
C. maculosa.
CH,CH=CH(C_=C),(C11----CH),H
Compound 1: 1,3,11-tridecatriene-5,7,9-ttlyne (MW 166)
CH,CH=CH(C---C),CH=CH,
Compound 2: (E)-1,11,-tridecadiene-3,5,7,9-tetrayne (MW 164)
C1-1,(Ci----C)5CH=CH2
Compound 3: 1-tridecene-3,5,7,9,11-pentayne (MW 162)
Fig. 1.2. Tentative structures of three polyacetylenic compounds isolated fromroots of C.
maculosa.
1.2. Background for defensive chemistry theories
Much remains to be studied in the biology of spotted knapweed. Basedon the
relevant literature, it seems that competition and defensive chemistryare important
processes in the success of C. maculosa. Competition implies a scarcity of raw material for
carbon fixation, and defense compounds are integral in gainingor maintaining resources in
the plant tissues. Thus, primary metabolism becomes codependentupon the synthesis of
complex metabolic products, and the relationship is governed by the simple economiclaws
of supply, demand, and payoff, as explained by Bloom et al. (1985).11
1.2.1. Secondary metabolism in defensive responses of plants
Plants, like other organisms, must spend energy not only on obtainingresources, but
also on defending them. As static organisms, they must accomplish this through structural
(i.e. spines) or biochemical devices. Biochemical defenses, unlike anatomical protective
structures, can fluctuate in rapid response to environmental and physiological inputs.
Whereas structures like trichomes require cell division for their construction (Larkin et al.,
1997) and thus require appreciable generation time, the biochemicalresponse of a plant is
more fluid and can be quickly invoked upon detection of environmental cues by the plant.
For example, grand fir trees attacked by fungus or bark beetles produce large quantities of
monoterpenes that are not detected in non-wounded plants (Gershenzon, 1994). Tobacco
cell cultures produce a defensive sesquiterpene only in the presence ofa fungal elicitor.
The enzyme responsible for diverting common precursors to this compound is not
translated in cells not exposed to fungus (Vogeli and Chappell, 1990). Anotherenzyme
responsible for biosynthesizing defensive chemicals, 3-hydroxy-3-methylglutarylcoenzyme
A reductase (HMGR), is rapidly degraded (turned over) within the cell, facilitating rapid
adjustment of enzyme levels in response to the plant's environment (Gershenzon, 1994).
Biochemical response to both internal and external cues is important, because formulation
of defensive devices is energetically expensive.
1.2.2. Overview of defense chemistry hypotheses
A rich store of literature has been built around the topic of plant defensive
compounds, and several theories have been postulated to explain the physiological,
ecological, and evolutionary importance of producing these expensive compounds. These
theories provide a basis for predicting the occurrence of defensive chemicals in plant tissues
over the short-term and evolutionary time, and they are reviewed below, with brief
comments regarding their pertinence to knapweed biology.12
1.2.2.1. Coevolution
Ehrlich and Raven (1960) suggested that phytochemistry playsa significant role in
co-evolution of plants and herbivores. They postulated that the evolutionary impetus for
secondary chemistry is the need of plants to defend themselves against herbivory.
Fraenkel (1959, 1969) observed that the basic nutritional requirements of
phytophagous insects are very similar, and that in the absence of "odd compounds"
(secondary plant chemicals) and with limitless feeding potential,an insect could thrive on
any plant. Food choice, behavior, and even development and physiology of insectsare
regulated through contact with these chemicals. Fraenkel (1959) suggested that the
diversity of plant biochemistry is in large part due to reciprocal adaptive evolution (co-
evolution). As physiological adaptations were evolved by herbivores for toleranceto
toxins, compounds which had originally been perceivedas allomones (herbivory deterrents)
evolved into kairomones (herbivore attractants). This adaptation necessitateda reciprocal
change in the defensive strategy of the plant. C. maculosa isan apt example of this
phenomenon, since its nutritional value is high, and in conjunction with theoccurrence of
several "odd compounds", exhibits little apparent herbivore stress in North America
although some European insects appear to have coevolved to specifically select thisplant.
1.2.2.2. Apparency
Feeny (1976) predicted that a plant which is apparent to potential enemies will tend
to be chemically defended. Plant parts most apparent are predicted to be themost highly
defended, and among weedy early successional herbs, the percent dry weight ofthe defense
compound in the whole plant is predicted to be minimal comparedto its concentration in
leaves and sepals. In the case of spotted knapweed, flower heads andstems contain only
trivial amounts of cnicin, while leaves on branches of the inflorescencescontain the highest
concentrations of cnicin per unit dry weight (Locken and Kelsey, 1987). Feenystressed
that secondary compounds are metabolically expensive togenerate, and must confer greater13
fitness upon the organism in order to persist through generations of natural selection. Thus,
apparent species will harbor more defensive chemicals than unapparent species. Several
lines of physical and chemical defense are commonly used by the plant toensure protection
against multiple types of attack, or to supply "backup" protection in thecase of eventual
enemy adaptation to a particular defense. In spotted knapweed, the foliage is guarded by
the biologically active cnicin in addition to hairy trichomes, whichserve as structural
defenses. The roots also contain biologically active compounds, implying that the
underground parts of the plant employ their own separate defense strategy.
Rhoades and Cates (1976) expanded on Feeny's theory and proposed that the
apparency of plant tissue in space and time would determine its type of chemical defense:
inexpensive (requiring few biochemical steps, or minimal carbon, for biosynthesis) but
toxic compounds are characteristic among ephemeral tissues, whereasmore costly
digestibility reducers such as tannins are more common in long-lived (predictable) tissues.
Rhoades and Cates also noted the "multi-barreled" defense approach ofmany plants, in
which multiple types of chemical defenses were present. The tissues of spotted knapweed
are apparent in space ( knapweed tends to monopolize the landscape when it invades an
area) and in time, as leaves persist throughout the growingseason and the plant is a
perennial. A "quantitative" defense (a costly defense molecule which reduces digestibility)
would be predicted for this plant. Cnicin meets this descriptionas a 20-carbon compound
produced in high concentration and with low potential for turnover. Studies by Landauet
al. (1994) show its negative effect on digestibility in some herbivores,as do experiments by
Olson and Kelsey (1997) which suggest that cnicin inhibits activity of digestive
microorganisms in sheep.
1.2.2.3. Optimal defense
Rhoades (1979) predicted that plants will produce chemical defenseson the basis of
need, since secondary metabolites are costly to produce and represent wastedenergy if not
needed. A plant experiencing defoliation stress is more likely to allocateresources to14
defense compounds. Within a plant, tissues at highest risk of being selected byherbivores
are predicted to be more highly defended. As well, defensive compounds are predicted to
be more concentrated at times when the plant is at the highest risk of attack.
Cates (1975) noted that predation pressure on several successive plant generations
can select for increased production of defense compounds; likewise, several generations
without herbivory in a population will put more palatable individualsat a competitive
advantage, since they are spending more energy on growth thanon defense. Landau et al.
(1994) observed that European populations of C. maculosa have greater concentrations of
cnicin than U.S. populations. This observation could be explained by the founder theory-
perhaps the first C. maculosa seeds introduced to the U.S. originated froma population that
was low in cnicin production. Subsequent offspring would have exhibited this genetic trait.
However, the optimal defense theory (Rhoades, 1979)may also help explain this difference,
since natural enemies of knapweed are well established in Europe, where cnicin
concentrations are highest, and few natural enemiesoccur in the U.S., where cnicin
concentrations are lowest (those natural enemies that dooccur have only been introduced
during the past 2 1/2 decades).
1.2.2.4. Nutrient availability/status
Bryant et al. (1983) introduced the carbon/nutrient (C:N) balance hypothesis. This
hypothesis has generally proven to be a robust, empirically supported model for within-
species predictions of resource allocation (Fajer et al., 1992). It is basedupon two central
predictions:
a) Under low-nutrient conditions (high C:N), reduction in plant growth is
generally greater than the reduction in photosynthesis. Thus, photosynthate accumulatesin
carbohydrates which are used to synthesize carbon-based secondary chemicals.
b) Under low photosynthesis conditions (low C:N), plants have less carbon
for allocation to secondary metabolism. The plant growth rate is reducedmore severely
than is nutrient absorption, and carbon, not nutrients, becomes the limiting factor.15
These predictions lead to the hypothesis that plants with a high C:N ratio may
manufacture large pools of carbon-based defense compounds. Under conditions of limiting
photosynthate production (low C:N), pool size of carbon-based defense compounds is
predicted to be small. There are many studies which support this hypothesis (Mihaliak et
al., 1987; Jonasson et al., 1986; Mihaliak and Lincoln, 1985, 1989; Tuomi et al., 1984;
Clark and Menary, 1980;). However, there are also a number of studies whose resultsare
not entirely consistent with the C:N predictions. Lincoln and Langeheim (1978) found that
genetic differences in terpenoid production by Satureja douglasii were correlated only to
summertime light and herbivory conditions, and not to wintertime conditions. In addition,
greater terpenoid production occurred under low light, perhaps because herbivory was also
greater under these conditions. Lincoln and Mooney (1984) saw no effect of light levels on
leaf resin production in Diplacus aurantiacus shrubs, although resin concentrationsper unit
leaf area were marginally correlated to light levels. Bryant et al. (1987) found thatgreen
alder defensive chemistry was not correlated to soil fertility or light regimes. Thiswas
attributed to the lower adaptability of nutrient-limited, higher-successional species to
changes in environmental conditions. Zangerl and Berenbaum (1987) observed that in wild
parsnip, the highest light levels did not always produce the highest furanocoumarin
concentrations. In addition, furanocoumarins decreased rather than increased under low N,
perhaps because of reduced enzymes for photosynthesis and biosynthesis. Muzika et al.
(1989) saw no N fertilization effect on total terpene production of grand fir, although certain
individual compounds were affected in some populations. Comparison of these types of
studies has revealed that tannins and phenolics are better predicted by the C:N balance
hypothesis than are terpenoid compounds, and that terpenoids of herbaceous plants follow
the predictions more closely than those of woody plants (Gershenzon, 1994).
Coley et al. (1985) argued that apparency theories are not well supported by
empirical evidence, and advocated more current hypotheses whichpropose that
evolutionary tendencies toward inexpensive or costly defensesare governed by nutrient
availability. Species that are historically native to nutrient-limitedenvironments tend to
produce high concentrations of tannins or other non-nitrogenous compounds thatare static16
(with a low rate of metabolic turnover). On the other hand, species nativeto environments
where nutrient limitation is not a factor are predicted to have less highly defended tissues,
and exhibit low concentrations of N-containing defensive compounds suchas alkaloids,
which are easily catabolized for turnover. Although both theapparency and optimal
defense theories seem to predict the occurrence of cnicin accurately for spotted knapweed,
an early successional plant, the nutrient availability theory also fits, since the plant grows
under nutrient poor conditions. Sesquiterpenes suchas cnicin are C-rich and N-free, and
according to Gershenzon (1994), generally show low rates of metabolicturnover once they
are synthesized.
Beyond the ratio of C:N, there may be further metabolic and physiological
parameters to consider in nutrient allocation. For instance, phenyl ammonium lyase (PAL,
a central enzyme in the shikimic acid pathway) is activated by light and by high levels of
cytokinin, which are in turn induced by low-nutrient environments (Waterman and Mole,
1989). Thus, environmental conditions promptinga high C:N ratio, in addition to
promoting buildup of raw material in the form of carbohydrate,may also trigger the
enzymatic processes involved in synthesis of secondary compounds.
1.2.2.5. Growth-differentiation balance hypothesis
Herms and Mattson (1992) and Tuomi (1992) predicted that, in view of thecost
associated with production of secondary defense compoundsresources would generally be
allocated preferentially in favor of primary metabolism in rapidly growing tissues. This
idea would suggest that meristematic tissues andyoung tissues will be poorly defended.
Although there are exceptions to this rule, as observed by Coley and Aide (1991), Cronin
and Hay (1996) pointed out that significant chemical defense inyoung tissues is not
necessarily contradictory to the theory. Defense compounds from older tissues,where
stored nutrients are used to synthesize secondary metabolites,may be translocated to the
growing plant parts. Although Gershenzon (1994) pointed out that terpenoids (suchas
cnicin) are unlikely to be transported in thismanner, Lerdau et al. (1994) suggested that17
demand for differentiation in growing tissues might moderate carbon allocationto each of
these processes. Depending upon the context, both growth and defense might beimportant
investments for succulent, young leaves. In leaves of C. maculosa, cnicin concentrations
per unit dry weight increase with age (Locken and Kelsey, 1987). Thus, the growth-
differentiation balance hypothesis also fits spotted knapweed biology,even without the
"disclaimers".
1.3.Environmental and physiological basis for the central hypothesis of the thesis
Both light and water have direct effects on carbon gain in semiarid plants. During
instances of high water availability and ample light, however, N is the factormost likely
limiting for carbon gain (Lajtha and Barnes, 1991). Wateruse efficiency can increase with
N fertilization, since it allows an increase in the potential photosyntheticrate without a
concomitant change in the rate of transpiration (Lajtha and Whitford, 1989). Adequate
resources should equate to some allocation of photosynthate to secondary chemicals, but
various stresses may reduce or increase the amount of allocation. The magnitude ofthis
change could depend upon the type of stressesor even synergistic interplay of stresses.
Nitrogen stress alone is predicted to increase allocation ofresources to the pool of carbon-
based secondary metabolites (Bryant et al., 1983), and in fact, slow-growingplants adapted
to nutrient-poor sites have higher concentrations of defensive chemicals andare less
preferred by herbivores than fast-growing plants found in richer soils (Coleyet al., 1985).
Decreased light levels are predicted to decrease allocation of carbonto these compounds, as
described by Zangerl and Berenbaum (1987). Water stress will also presumablyreduce
photosynthetic capacity and thereby decrease carbon availability for these compounds.
However, Gershenzon (1984) found that in moderate water stress, sesquiterpenelactones
increased in sunflower (Helianthus ciliaris).18
1.4. Objective
The objective of this study was to assess the effects of manipulation of the C:N
balance on carbon allocation to cnicin and polyacetylenes in C. maculosa. A greenhouse
experiment involved manipulations of available light, whichwas expected to influence
photosynthetic potential and carbon gain, as well as soil N, whichwas expected to influence
tissue N concentrations. A field experiment was also carried out, in which manipulations of
photosynthetic potential were attempted by varying soil water levels. Soil N levelswere
also varied in the field experiment. In both studies, treatmentswere applied singly and in
combination, and growth and biochemical responses were monitored. The resultant
observations provide a better understanding of the mechanisms which enhance the
ecological success of this weedy species.
Fluctuations in levels of defensive chemicals are not only an indication of internal
physiological shifts in nutrient allocation (between growth and secondary metabolism,or
"storage chemicals" high in carbon) as the plant responds to changes in the internal C:N
balance. These changes also represent the plant's ability to respond to changes in its
external, ecological status, such as herbivory or competition, which it presumablycan detect
and assess through its own biochemical changes. If these compounds truly function in
defense, then cnicin and root polyacetylenes could representa costly but effective means of
communication between spotted knapweed and other organisms in its community which
might threaten to compromise its vitality in environments already limited inresource
availability. It follows that such costly chemical signals would needto respond in a
sensitive manner to the plant's internal and external environment, in orderto prevent
unnecessary investment of photosynthate in these chemical communications. The study
presented in this thesis attempts to demonstrate responses of these chemicalsto external
environmental status.19
1.5. Hypothesis
HO: Manipulation of light, soil water, and/or soil N levels will notcause changes in the
concentrations of polyacetylenes and cnicin in tissues of C. maculosa.
HA: Concentrations of cnicin and polyacetylenes in tissues of C. maculosa will change
upon manipulation of light, soil water, and/or soil N levels.
This hypothesis was tested by manipulating these environmentalparameters in a
greenhouse experiment involving a 2 X 2 factorial design with light and soil Nas main
effects, and in a field experiment involvinga 2 X 2 factorial design with soil N and water as
main effects. Greenhouse C. maculosa plantswere subjected to the four combinations of
high and low light and high and low soil N, and field plotswere given four combinations of
high or low soil N and water. I predicted that tissue concentrations of cnicin and
polyacetylenes would increase under stress from limited N, but decrease from reduced
photosynthesis due to limited water or light.20
CHAPTER 2. ISOLATION, CHARACTERIZATION, AND BIOLOGICAL
ACTIVITY ASSESSMENT OF C. MACULOSA ROOT POLYACETYLENES.
2.1. Introduction
A goal of this project was to assess the potential for theoccurrence of bioactive
compounds in the roots of North American populations of C. maculosa. Phytotoxic
properties have been demonstrated experimentally for root tissues oftwo other introduced
and invasive Centaurea species, C. diffusa (Muir and Majak, 1983) and C.repens (Stevens,
1986a and 1986b). The phytotoxic constituents in C.repens were found to be
polyacetylenic compounds, which conferred allelopathic propertiesto the plant (Stevens,
1986a and 1986b). Bioactive polyacetylenes are characteristicamong the Centaurea
(Towers et al., 1977). Because toxic polyacetylenes had been isolated fromroots of
European populations (Bohlmann et al., 1966; Towers et al., 1977),we suspected that
roots of North American C. maculosa produced these compoundsas well. Although
allelopathy has been suggested as a mechanism for thesuccess of spotted knapweed
(Fletcher and Renney, 1963), an allelopathic role for cnicin hasnever been established
(Muir and Majak, 1983; Locken and Kelsey, 1987). Therefore, itwas important to
determine whether other compounds, suchas bioactive root chemicals, might confer this
characteristic upon spotted knapweed tissues.
Polyacetylenes fulfill two important criteria of allelopathic chemicals: theyoccur
in root tissues, and they are volatile in nature (Rice, 1984). If C. maculosa
polyacetylenes are phytotoxic, their volatility might enhance their potential for
allelopathy by allowing diffusion from root tissues into the surrounding rhizosphere.In
addition, these bioactive compounds might function in deterrence of microbialpathogens,
especially in light of the antibacterial and antifungal activity of the majorconstituent in
European populations (Towers et al., 1977). It is notuncommon for a single
phytochemical to perform in multiple roles.21
2.2. Methods
2.2.1. Polyacetylene purification and characterization
C. maculosa roots and samples of soil immediately surrounding the rootswere
collected from a population in Sisters, Oregon. Plants collectedwere all at least two years
old; i.e. they had flowered during the past season. Root tissueswere also harvested for
chemical analysis from 90-day-old greenhouse seedlings in June of 1996. Rootswere
transported to the laboratory on dry ice and ground with approximately equal amounts of
crushed dry ice using a Waring blender. Ground roots were extracted in 5 mLs of
methanol per gram fresh weight of root tissue, at 4 °C, in darkness, foran hour. After
filtering (Whatman qualitative filter papers, Grade 415), the residueswere extracted a
second time. Each extract was diluted to 50% with water, and partitioned three times
against hexanes (1mL/gfw) using a separatory funnel. The hexane extractswere
combined and concentrated under reduced pressure (waterbath at 38°C) and broughtto
dryness under N2 The resultant extract was resolubilized toa known concentration in
hexanes, and used for chromatographic analysis and bioactivityassays. Solvent extracts
from soil samples were prepared and analyzed in amanner identical to that of the root
samples.
Partial purification of individual compounds was accomplished by column
chromatography (CC) with 60-200 mesh silica gel (Baker) and HPLC-grade hexanes.
Column fractions containing compounds of interest were then subjected to additional CC
or thin-layer chromatography using silica gel 60 plates with or without fluorescent
indicator (F-254), and hexanes as the mobile phase. Compoundswere further purified by
collecting fractions corresponding to peaks eluting from the high performance liquid
chromatography (HPLC) column.22
2.2.2. Spectral analysis of fractions
Ultraviolet (UV) spectra were visualized during HPLC analysis with the
equipment described in Chapter 3. Gas chromatography-massspectroscopy (GC-MS)
analyses were performed by Dr. Rick Kelsey. Mass spectrawere obtained from a
Hewlett Packard (HP) 5890 gas chromatograph (GC) equipped withan HP 5970 mass
selective detector, and HP 59970 work station. The column used for separationwas a
J&W Scientific DB-1, 30m X 0.25mm i.d., and 25t.t film thickness. GC conditionswere
as follows: injector and transfer line 250°C; initial column oven at 200 °C for 2 min and
then rising 5 °C /min to 300 °C. Helium was the carriergas, set with a 1:10 split. III and
13C
nuclear magnetic resonance analysis (NMR) was performed by Roger Kohnertat the
Department of Chemistry, Oregon State University, and interpreted by Dr. Matthew
Bernardt of East Earth Herb, Eugene, OR.
2.2.3. Root extract bioactivity assay
A brine shrimp (Artemia salina Leach) bioassaywas done according to the
methods of Meyer et al. (1982). Root tissueswere extracted with hexanes, concentrated,
and brought to 10µg /µL crude extract in hexanes. Triplicate samples of 10 brineshrimp
each were set up at 6 concentrations (0 to 1000gg/mL) of rootextracts. For comparison,
root extracts from C. repens and C. diffusa, species with known root bioactivity,were
also tested. Each vial contained five mLs of an artificial seawater solution andten brine
shrimp, and was overlaid with 0 to 5004 hexane extract. Thesewere placed on a shaker
and gently rotated to disrupt any hydrophobic film which might inhibitgas exchange in
the cultures. Vials were opened and aeratedevery eight hours. Live shrimp (determined
by any movement visible under a dissecting scope)were counted at 24 hours.23
2.3. Results
2.3.1. Po lyacetylene purification and characterization
Three polyacetylenes have been tentatively identified in the roots of C. maculosa:
a compound of MW 166, 1,3,11-tridecatriene-5, 7, 9-triyne (1); a compound of MW 164,
(E)-1,11,-tridecadiene-3, 5, 7, 9-tetrayne (2), and 1-tridecene-3, 5, 7, 9,11-pentayne(3, MW
162; Figure 2.1). GC-MS (Figure 2.2), HPLC (Figure 2.2 and 2.3), and NMR datawere
used to conclude that the major polyacetylenic root constituent is compound 2 (Figure
2.1), reported in European C. maculosa populations by Bohlmann et al. (1966) and
common to many Centaurea species (Bohlmann et al., 1966; Stevens et al., 1990). The
total ion chromatogram indicated that it was present in two isomers,as noted by
Christensen and Lam (1991). The NMR spectrum showed classic signals in the olefin
region denoting a terminal, monoallylic methylenegroup in a 13-carbon chain (M.
Bernardt, 1997, personal communication). Compound 2 is identical in soil androot
samples, as verified by UV spectra (Figure 2.3) and by NMR, and represents the only
polyacetylenic compound from the roots to be detected in soil samples from the
rhizosphere.
Compound 1 (Figure 2.1) was also detected in at least two isomeric forms. This
structure has previously been reported for Centaurea montana (Christensen and Lam,
1991). It probably represents a form of 2 which has undergone hydrogenationat one of
its C----C positions. Compound 3 (Figure 2.1) was also previously reported for European
populations of C. maculosa (Bohlmann et al., 1966). GC-MS analysis revealed thatroots
contained other secondary metabolites which co-eluted with polyacetyleneson GC and
HPLC analyses, including two compounds tentatively identifiedas the sesquiterpenes
trans-caryophyllene and 8-elemene.24
C1-1,CH=CH(C=C),(CH=CH)2H
(1) 1,3,11 - tridecatriene -5, 7,9- triyne (MW 166)
CH,CH=CH(C=-C)4CH=CH2
(2) (E)-1,11,-tridecadiene-3,5,7,9-tetrayne (MW 164)
CHACE--C),CH=CH2
(3) 1-tridecene-3,5,7,9,11-pentayne (MW 162)
Figure 2.1. Tentative structures of three polyacetylenes isolated fromroot tissues of C.
maculosa in central Oregon.150130
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Figure 2.2. HPLC chromatograms andmass spectra of polyacetylenes in C. maculosa root
and rhizosphere soil extracts.26
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Figure 2.3. UV spectra obtained from C. maculosa root extracts and fromextracts of soil
surrounding roots.27
2.3.2. Root extract bioactivity assay
C. repens and C. maculosa non-polar root extracts both exhibited activity at all
levels of application, even as low as 101Ag/mL (Table 2.1). C. diffusawas also active, but
only at 1 mg/mL. In all three species, there were no differences in toxicityamong extracts
from fine roots, taproots, and complete roots.
Hexane extract concentrationC. maculosaC. repensC. diffusa
1000n/mL 0 0 0
500p.g/mL 0 - -
250n/mL 0 - -
1001.tg/mL 0 0 93
101.1g/mL 6 43 100
01.ig/mL 100 100 100
Solvent control 100 100 100
Table 2.1. Average percent of brine shrimp surviving afterexposure to Centaurea
hexane root extracts for 24h. (Means derived from three samples of ten brine shrimp
each.)
2.4. Discussion
Biochemical data suggest that at least two of the compoundswe have isolated from
the North American populations sampled in this experiment match those isolated and
reported by Bohlmann et al. (1966, 1973) from European populations. Compound 3
represents the most widespread of the polyacetylenes in the Asteraceae (Bohlmann,
1988), and is probably a common precursor to many 13-C polyacetylenes in this family,
such as 1 and 2. Among tribes in the Asteraceae, chemotaxonomy reveals conservation
among the types of polyacetylenic compounds synthesized (Bohlmann, 1988).
Compound 3 and its 13-C derivatives are the hallmark of the tribe Cardueae,to which C.
maculosa belongs.28
It is notable that two other invasive, introduced Centaurea species showroot
bioactivity. Polyacetylenes in the roots of C.repens are allelopathic (Stevens, 1986a and
1986b) although the thiophenes produced by this speciesare expected to be more highly
toxic than the straight-chain polyacetylenes found in C. maculosa (McLachlanet al., 1978).
Nonpolar root extracts from C. diffusa demonstrated phytotoxic properties of nonpolar
fractions (Muir and Majak, 1983). Both 2 and 3 exhibit bioactivity (Towerset al., 1977;
Marchant and Cooper, 1987), and it seems plausible that 1 is also bioactive, althoughthe
activity might be lower since it is more highly saturated (McLachlanet al., 1978; Guillet
et al., 1997). One or more constituents in the hydrophobic root extracts of C. maculosa
were toxic in brine shrimp bioassays, and studies using purified compounds arenecessary
to determine whether polyacetylenes are responsible for this toxicity. Since
sesquiterpenoids were observed to co-elute with the polyacetylene-containing fractionsin
the GC-MS analyses, these compounds could also be responsible for conferringtoxicity
to the hydrophobic root fractions. Association of polyacetylenes with brine shrimp
toxicity would still provide no direct clue to their ecological role. These compoundsmay
function in defense against herbivory or disease,or as allelochemicals deterring
competition. Although many polyacetylenes suchas the thiophenes found in C. repens
require light activation for toxicity, 2 and 3 have been shown to be toxic both withor
without exposure to light (Towers et al., 1977). This suggests that they could provide
viable chemical defense in the dark rhizosphere. Moreover, the ability of this compoundto
diffuse from root tissues into the surrounding soil supports the hypothesis that the
compound may deter pathogenic microbes or roots of competing plants in the rhizosphere.
Further studies assessing toxicity of C. maculosa root extracts to associatedcommunity
members might provide further clues for the role of polyactylenes in spotted knapweed.
2.5. Conclusions
Three polyacetylenes have been tentatively identified in theroots of C. maculosa:
a compound of MW 166, 1,3,11-tridecatriene-5, 7, 9-triyne (1), present in two isomers;a
compound of MW 164, (E)-1,11,-tridecadiene-3,5, 7, 9-tetrayne (2), alsopresent in two29
isomers, and a compound of MW 162, 1-tridecene-3,5,7,9,11-pentayne(3).Compound 2 is
the major constituent of C. maculosa roots in both European and the NorthAmerican
populations sampled, and was also detected in soil surroundingroots. The other two
compounds have been isolated not only from C. maculosa, but also fromrelated
Centaurea species. Root extracts containing these three polyacetylenic compoundswere
biologically active in brine shrimp bioassays. Their role in allelopathy,or in deterrence
of disease or root herbivory, will require further experimentation sincethere is no
evidence that these compounds act in the soilas they do in vitro. For now it is important
to note that there are bioactive polyacetylenes in root tissues, whichmay provide
biochemical defense to the plant.30
CHAPTER 3. CNICIN AND POLYACETYLENE CONCENTRATIONS IN
CENTUAREA MACULOSA AS INFLUENCED BY LIGHT AND NITROGEN
3.1. Introduction
Spotted knapweed, Centaurea maculosa L. (Compositae) isone of the most
important rangeland weeds in North America (Muller- Scharer and Schroeder, 1993).It
was inadvertently introduced to the Pacific Northwest from Eurasia at the end of the last
century (Watson and Renney, 1974) and has invaded most northern states in the US and
many parts of Canada (Gleason and Cronquist, 1991). Following the invasion of a site by
spotted knapweed, native grassland species richness and numbers decline (Tyser and Key,
1988), as do forage yields (Watson and Renney, 1974). Habitat destruction through
increased surface runoff and sediment loss ensues, because decreased groundcover and litter
deposition results in less soil erosion protection in spotted knapweed stands (Harris and
Myers 1986; Lacey et al., 1989). As much as 88% of pre-existing plant biomasscan be
replaced by C. maculosa after invasion (Harris and Cranston, 1979). C. maculosaowes
its success in North America to multiple factors, one of whichappears to be a strong
chemical defense system. Among those phytochemical constituents whichmay act as
defensive compounds are cnicin in the foliage, and several polyacetylenes in theroot
tissues. Although these compounds are deployed differently by the plant, bothmay
contribute to the ecological success of C. maculosa.
Cnicin (Figure 1.1), a bitter-tasting sesquiterpene lactone, is abundant in the
foliage of spotted knapweed, where it is sequestered in glandular trichomes. Itwas first
isolated and identified in the middle of this century (Cavallito and Bailey, 1949; Suchy and
Herout, 1962). Cnicin is found at concentrations as highas 4% of tissue dry weight (Kelsey
and Locken, 1987; Olsen and Kelsey, 1997). The foliage of C. maculosa is high in nutritive
value (Kelsey and Mihalovich, 1987; Wright and Kelsey, 1997) which would implythat it
may be favorable forage for insects and larger herbivores. However, it is not heavily grazed
in American populations (Landau et al., 1994; Schroeder, 1985), suggesting that itmay be
chemically defended. The role of cnicin as a defensive agent could explain the allocation of31
photosynthate to this compound, which has demonstrated biological activity against certain
bacteria (including sheep rumen microbes), insect larvae, plant seedlings, and human
carcinoma cells (Cavallito and Bailey, 1949; Vanhaelen-Fastre, 1972; Vanhaelen-Fastre
and Vanhaelen, 1976; Gonzalez et al., 1978; Kelsey and Locken, 1987; Locken andKelsey,
1987; Landau et al., 1994; Olson and Kelsey, 1997). This toxicity to both prokaryotic and
eukaryotic cells provides evidence that it may deter various organisms which mightattempt
to feed on C. maculosa.
European populations of spotted knapweed are widespread, but reach maximum
densities of only about 20 plants/m2, as compared to 100or more plants/m2 in North
American populations (Muller- Scharer, 1991). Co-evolution of natural enemies withthis
species may be responsible for its lower dominance in indigenous populations. Landauet
al. (1994) observed that, while almost no herbivores feedon the North American plants,
many feed on European plants and the majority of these are specialists. The lack of
coevolved natural enemies may be a primary factor in thesuccess of C. maculosa in North
America (Muller- Scharer and Schroeder, 1993). Landau et al. (1994) tested the effectsof
cnicin on generalist and specialist Lepidopteran feeders, and found that specialiststolerate
and even prefer cnicin-treated diets, while generalist larvae sickenedor died when fed
natural levels of cnicin. European specialist insect herbivores have been introducedto the
northwestern United States as natural enemies to C. maculosa since 1970, but despite
biocontrol and other great efforts in control, the weed remains abundant andcontinues to
spread (Muller - Scharer and Schroeder, 1993).
C. maculosa roots produce several classes of secondary chemicals,among them a
mixture of polyacetylenes (Figure 1.2). Thesewere first described by Bohlmann et al. in
European populations (1966), and are reported in thispaper for the first time in a North
American population. In C. repens, root polyacetylenes have demonstratedallelopathic
properties (Stevens, 1986a and 1986b). Although the polyacetylenes produced byC.
maculosa are not structurally equivalent to themore toxic thiophenes found in C. repens,
nonpolar root extracts from C. maculosa containing the polyacetylenes displayedpotent32
biological activity in a brine shrimp bioassay (Chapter 2). Additionally, Fletcher and
Renney (1963) demonstrated phytotoxicity of ether extracts from C. maculosa roots and
shoots to lettuce and barley seedlings. It is possible that phytotoxic compounds in root
tissues could contribute to the success of spotted knapweed by deterring growth of
competing vegetation.
Environmental conditions can prompt and alter allocation of carbon and nutrients
required for the biosynthesis of chemical defense compounds over both the short term and
evolutionary time (Bryant et al., 1983; Coley et al., 1985). Many studies document the
relationship between ecophysiology and production of such compounds (Lincoln and
Langeheim, 1978; Clark and Menary, 1980; Lincoln and Mooney, 1984; Tuomi et al., 1984;
Mihaliak and Lincoln, 1985; Jonasson et al., 1986; Bryant et al, 1987; Mihaliak et al., 1987;
Zangerl and Berenbaum, 1987; Muzika et al., 1989). The carbon-nutrient (C:N) balance
hypothesis (Bryant et al., 1983) for within-species predictions of resource allocation
states that, under low nutrient conditions (high C:N) in plant tissues, reduction of plant
growth will exceed reduction in photosynthesis, resulting in accumulation of
photosynthate. The excess photosynthate can be allocated to storage in carbon-based
secondary chemicals. In addition, according to Coley et al. (1985), heightened levels of
defensive chemicals in slow-growing plants under low N conditions can serveas a self-
preservation response, deflecting herbivory which might otherwise result in expensive
tissue loss. A better understanding of the relationships between resource allocation and
defensive chemistry in C. maculosa may allow for the development of successful
biocontrol strategies. Studying the effects of environmental changes on the levels of
defensive compounds can also provide insights into the fluid balance of carbon allocation
between growth and defense in a highly successful weedy species.
The objective of this study was to test these predictions for cnicin and
polyacetylenes, two types of carbon-based secondary metabolites of C. maculosa. This
species tends to invade nutrient-poor sites, and its response to N in past studies has been
both positive and neutral in terms of biomass accumulation (Story et al., 1989; Muller33
and Steinger, 1990). How the availability of soil N influenced the production of cnicin
and polyacetylenes was unknown. C. maculosa prefers high light environments; under
these conditions it demonstrates maximum foliage production (Kennett et al., 1992). It
was of interest to determine whether C. maculosa plants growing in open habitats, with
higher photosynthesis rates and larger pools of internal C, might also be better chemically
defended than plants growing under shade. I expected manipulations of light and soil N
levels to affect the internal C:N ratio. Therefore, I hypothesized that concentrations of
cnicin and polyacetylenes, carbon-based secondary metabolites, would be higher under
high light than under low light and greater under conditions of low soil N than under high
soil N, when the internal C:N ratio was expected to be high. These predictions follownot
only Bryant's C:N balance hypothesis, but also Coley's theory of heightened defense under
low nutrient conditions.
In order to test these hypotheses, a greenhouse experimentwas performed with C.
maculosa. A 2 X 2 factorial experiment involving soil N and lightas main effects was
performed, and the responses of growth parameters were measured,as were
concentrations of cnicin and the three polyacetylenes described in Chapter 2: 1,3,11-
tridecatriene-5,7,9-triyne (1), (E)-1,11-tridecadiene-3,5,7,9 tetrayne (2) and 1-tridecene-
3,5,7,9,11-pentayne (3).
3.2. Methods
3.2.1. Greenhouse conditions
A greenhouse experiment was set up in the summer of 1996. C. maculosa seeds,
collected from a population near Redmond, Oregon,were planted in early July into four-
gallon pots (Stuewe and Sons), containing a sterile 1:1 sand:vermiculite medium witha
6.0 kg/m3 amendment of Micromax® to supplymacro- and micronutrients (except N and
K). The pots had 48 holes (1/8" diameter) drilled evenly into the sides for ventilation and
drainage. Upon emergence, seedlings were thinned to five uniform plantsper pot, and all34
pots were given a one-time treatment of 100 mLs of nutrient (N,P,K: 108, 10, and 27ppm
respectively) solution. Plants were allowed to gain biomass for ten days priorto the onset
of treatments.
Pots were randomly assigned to treatments for a 2x2 factorial design involving
light (high, low) and soil N (high, low) as main effects, arranged ina split-plot design,
with light levels as the whole plots, and soil N levelsas the subplots. Three blocks each
comprised one shade tent and one full-sun area. Eighty-eight potswere randomly
arranged among the three blocks and assigned to lowor high soil N treatments within
each light treatment. Two blocks contained 8 potsper treatment combination, and one
block had 6 pots per treatment combination. In all, therewere 22 pots per treatment,
containing 5 plants each.
All plants treated with high soil N received 200 mLs ofa high N solution (NPK,
at 108, 10, and 27 ppm) biweekly. The low soil N treatments receivedan identical
solution with N omitted. Nutrients were supplied in the following forms: Nas NH4NO3;
P as Ca(H2PO4)2 and K as K2SO4. Pots given low light treatments were placed under
black shadecloth (50% ambient light reduction). Ambient greenhouse lightcomprised the
high light treatment. Sodium vapor lightswere positioned over each block with a 12/12
hour on/off cycle to keep apparent daylengths equal. A LiCor LI-189 lightmeter was
used to measure light intensity; at midafternoonon a cloudless day, average light
intensities ranged between 150-175 ptMol s-
m-2 under ambient light.
I 1112 under shadecloth and 360-4301.1MM s-1
Greenhouse temperatures were maintained at 27°C day/21°C night (12 hour
cycle). Pots were exposed to one application of Bacillus thuringiensis Berliner(Natural
Guard) for control of fungus gnats and an application of Marathon® (1-[(6-chloro-3-
pyridinyl) methyl]-N-nitro-2-imidazolidinimine) to control thrips. Potswere shuffled
within blocks each week to minimize bench effects not eliminated by the overall
blocking.35
3.2.2. Harvest
Plants were harvested after treatments had been sustained for six weeks. One
block of samples was processed each day for three consecutive days. Plantswere gently
rinsed and stored in airtight plastic bags on ice until roots and leaveswere separated for
fresh weight biomass and leaf area measurements. All plants within eachpot were
pooled into one composite sample.
3.2.3. Growth measurements
Leaf areas of all foliar samples were measured witha LI-3100 leaf area meter
(LiCor, Inc.). Fresh weights of root and shoot tissueswere taken after blotting tissues dry
with paper towels. After weighing, root samples for chemical analysiswere stored at
-30°C and those destined for N analysiswere oven-dried at 50°C for 72h, as was all the
foliage. Dry weights were taken after oven-drying.
3.2.4. Nitrogen analysis
Half the samples from all treatments (n = 44)were used to measure the total N
content in root and foliar tissues, using a standard microKjeldahl method (Nelson and
Sommers, 1972). Dried, preweighed samples were digested in 75 mL Pyrex
microKjeldahl flasks with 5 mL concentrated H2SO4 and 1 mL H202at 350°C for four
hours. A catalyst of potassium sulfate, cupric sulfate, and seleniumwas used in the
reaction. Samples were analyzed using an Alpkem Rapid Flow Analyzer (RFA),Model
300 Series.
3.2.5. Cnicin extraction
Half of the samples from all treatments (n= 44) were used to measure cnicin
concentrations in the foliage. Oven-dried foliar sampleswere weighed into screw cap36
tubes. Samples were extracted with shaking (800 rpm) for 1 hour atroom temperature in
20 mL of HPLC-grade methanol per gram dry weight. (Extraction efficiencywas not
improved by re-extraction or extended extraction times in preliminary experiments
involving spiked samples.) Following extraction, samples were centrifuged for 5 minutes
at 3000 rpm. Subsamples of the supernatant were diluted 1:1 with a solution containing
santonin, another sesquiterpene lactone used as the internal standard, and filtered through
a 0.2[Im Acrodisk® nylon membrane.
3.2.6. Cnicin quantification
Cnicin concentrations in the methanol extracts were quantified by HPLC.
Compounds were separated on a 51,tm C18 Hypersil (Phenomenex) column (250 X 4.6
mm), preceded by a guard column (30 x 4.6 mm) and maintained at 28°C. Sampleswere
injected (Perkin Elmer (PE) ISS 200 autosampler) usinga 101.1L fixed-volume loop, and
carried in an isocratic solvent stream (45% methano1:55% water) ata flow rate of 1.0
mL/min (PE Series 410 pump). Cnicin in the sampleswas detected with a UV diode
array detector (PE LC-235) set to record at 225 nm. Cnicin purified in a previous
experiment (Olson and Kelsey, 1997) was used to generatea standard curve with santonin
as an internal standard.
3.2.7. Polyacetylene extraction
Root samples were extracted in 20 mL reagent-grade chilled methanolper gram
fresh weight. Samples were ground for 20 seconds with a type PT 10 20 3500 Polytron
grinder (Brinkmann Instruments), reducing the tissue toa fine suspension. Hexanes and
water were added to the methanol extracts in a ratio of 1:1:1. Samples were allowed to
extract for four hours at 4°C in darkness with continuous shaking (800 rpm), followed by
10 hours of stationary extraction under the same conditions. Centrifugation for three
minutes at 3000 rpm gave complete separation of the hexane layer, whichwas then
collected and concentrated to dryness using a rotary evaporator at 24°C. Two additional37
partitionings with hexanes were done to maximizerecovery. The combined residual
resin, a yellowish translucent oil with a strong characteristic odor,was diluted in 1 mL of
HPLC-grade methanol for every 0.1 gram fresh weight of original tissue extracted. The
resultant solutions were filtered using Whatman 0.2pm nylon filters.
3.2.8.Polyacetylene quantification
Concentrations of polyacetylenic compounds were quantified by HPLC.
Compounds were separated with a biphasic gradient starting at 50:50 acetonitrile:water,
changing linearly to 85:15 over the first 5 minutes and then reaching 100% acetonitrile
over the next 15 minutes. The entire gradient was run at a flow rate of 1 mL/min.
Polyacetylenes were detected at 290 nm. Since purified polyacetyleneswere not available
for a standard curve, relative quantities were determinedon the basis of the peak area
signal, expressed in millivolt units, using silibinin,a compound with a similar absorption
maximum, as a standard for checking system performance.
3.2.9. Statistical analysis
Data were subjected to analyses of variance tests using the mixed procedure of
SAS (SAS Institute Inc., 1996), to assess main effect (light, soil N) and interactive
influences on concentrations of cnicin or polyacetylenes, growthparameters, and tissue N
content. Data were natural log transformed when necessary toensure homogeneity of
variance and normality. Geometric means with back-transformed standarderrors are
presented for data requiring transformation. Significant differences betweenmean
responses were detected using Fisher's Protected LSD (a = 0.05). Correlations between
response variables were analyzed using regression analysis. All p-values are 2-sided.38
3.3. Results
3.3.1. Biomass
Foliar biomass per sample (Figure 3.1a) was dependenton the interactive effects of
light and soil N (p = 0.0001; two-way ANOVA). High light, high soil N plantsgenerated at
least 3.2X more foliage than those in the other treatments (p < 0.0001 for allcomparisons;
Fisher's Protected LSD, a = 0.05). Biomass expressedper leaf responded similarly (Figure
3.1b); again, the combination of light and soil N treatmentswas responsible for effects on
biomass (p = 0.0001). Light influences on root biomass (Figure 3.1a)were dependent on
soil N (p = 0.0016). Root biomass was greater in high light than in shade bothunder low
soil N (8-fold; p = 0.0001) and under high soil N (25-fold;p = 0.0001). The ratio of root to
shoot biomass (Figure 3.1a) was greatest under either high light (p= 0.0108) or low soil N
(p = 0.0002), with no detectable interaction between thetreatment effects (p = 0.63).
3.3.2. Leaf area
Leaf area (Figure 3.1c) was dependenton the combined effects of light and soil N
(p = 0.0001). Leaves were larger for high soil N treatments than for lowsoil N under both
high light (3.24X; p = 0.0001) and low light (1.4X;p = 0.0097) although the difference was
greater under high light. Between the low soil N treatments, shaded leaveswere exhibited
twice the area of high light leaves (p= 0.0001).
Specific leaf area (SLA) (Figure 3.1d)was dependent on light as mediated by soil N
effects (p = 0.019). Soil N effects contributed to the observed differencesamong individual
treatment means only when light was low (p = 0.0001). Under high light,no soil N effect
was detected (p = 0.9862). Comparison of foliar biomass (Figure 3.1a) to leafarea (Figure
3.1c), reveals similar patterns for both responses under high light, whereas underlow light39
biomass remains low while leaf area increases. This was due to the shaderesponse of
leaves under low light, and is also demonstrated by higher SLA values under low light.
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Figure 3.1. Growth measurements for C. maculosa plants following treatment with high
and low light and soil N, in all combinations. a, Average biomass (grams dry weight,+
SE) per sample (five plants). Numbers above data bars represent root to shoot ratio. b,
Average biomass (grams dry weight, + SE) per individual leaf.c, Average single-sided
leaf area (cm2 / leaf, + SE) per individual leaf. d, Average specific leafarea (cm2 / gram
dry weight, + SE) per individual leaf.40
3.3.3. Root and foliar N
The tissue concentrations of N (% dry weight) represent the ratios of C:N available
in the plant. The foliar C:N ratio (foliar N concentrations, Figure 3.2a)was dependent on
the combination of light and soil N treatments (p = 0.0037). High soil N causeda 1.4X
increase in foliar N concentrations under high light (p= 0.001) and a 1.8X increase under
low light (p = 0.0001).
Root tissue N concentrations (Figure 3.2a) were greater under reduced light
(p = 0.0111) or high soil N (p = 0.0001), but the interaction of the treatmentswas not
significant (p = 0.1070). Low light, high N plants had the greatest root N concentrations,
with at least a twofold difference from all of the other treatments (p < 0.0001 for all
comparisons). Treatments with intermediate C:N availability (high light, high soil N and
low light, low soil N) were not different (p = 0.4834). High light, low soil N plants had the
greatest dilution of N by photosynthate accumulation with only one-fourth the
concentration of N reached by the low light, high N treatment (p= 0.0001).
Total N content (grams per plant) was also calculated (Figure 3 .2b); high soil N and
high light interactively resulted in higher total N (p= 0.0001). Comparison of high and low
light responses under low soil N revealed no difference (p= 0.1292). The two extreme C:N
treatments (high light, low soil N and low light, high soil N) were not significantly different
in total N per plant (p = 0.0647), although the %N/gdw (Figure 3.2a)was significantly
different, with N very concentrated in the small plants of the low light, high Ntreatments
and less concentrated in the high light, low N treatments.4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.5
1.0 -
1.5
2.0
2.5
3.0
foliar tissues
mom root tissues
a.
\O
.
\O
N.\ .
'V\ V' e .0.0 \O \O
0.08
C
(1"/0.06 0.
rn
C
2 0.04
OC0
TO 0.02
0
0.00
b.
'<4.N44' \0 \O
. \e./`
.4 \0 \O
41
Figure 3.2. Tissue N determinations in C. maculosa plants following treatment with high
and low light and soil N, in all combinations. a, Relative mean tissue N concentrations (%
dry weight N, + SE) in roots and shoots per sample (five plants). b, Absolute (total)mean
N content (grams N, + SE per individual plant).
3.3.4. Cnicin
Soil N was the only parameter that affected cnicin concentrationsper unit biomass
(Figure3.3a; p = 0.0001). Plants grown under conditions of low soil N exhibitedan 1.8X
increase in cnicin per gram dry weight over those grown under high soil N conditions.
Neither light, nor the interaction of light and soil N, were significant (p= 0.6112 and
0.7666, respectively). The relationship between cnicin concentrations and the C:N ratio is
illustrated by Figure 3.3b. Despite the dependence of cnicin concentrationson soil N levels,
the overall cnicin response was not significantly correlated to the C:N ratio (Figure 3.3b;
p = 0.7935; multiple linear regression). However, individual treatment responses were
correlated to the relationship between foliar cnicin and N concentrations (p= 0.0002, two-
way ANOVA). The soil N influence on cnicin concentrations is apparent from Figure 3.3b,
since high soil N treatments fall significantly lower relative to the cnicin/gdw axis than the
low soil N treatments. Responses to high and low light levelsare not different with respect
to the cnicin/gdw axis under low soil N, despite the difference in the C:N ratio (%N axis)
between light treatments. Again, although a light-induced difference between theresponses42
of the two high soil N treatments can be detected for the C:N ratio, there isno
corresponding difference in cnicin concentrations.
Cnicin concentrations per unit leaf area (Figure 3.3c)were greater under high light
(p = 0.0246) and high N (p = 0.0001). No interaction of light and soil Nwas apparent
(p = 0.4657).
Mean cnicin content per individual leaf (Figure 3.3d) was dependenton the
interaction of light and soil N effects (p = 0.0007). The highest cnicin concentrations
occurred in the high light, high soil N treatment, whichwas at least 1.8X larger than the
other three (p < 0.001 for all comparisons). There was no significant difference in cnicin
concentrations among the other three treatments.0.6
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Figure 3.3. Mean cnicin concentrations in C. maculosa plants following treatment with
high and low light and soil N, in all combinations.a, Mean cnicin tissue concentrations (%
dry weight, + SE) per sample (five plants). b, Relationship between cnicin and N
concentrations (% dry weight) in foliar tissues. c, Mean cnicinper unit surface area
(mg / cm2, + SE). d, Mean cnicin per leaf (mg + SE).44
3.3.5. Polyacetylenes
None of the polyacetylene compounds isolated from C. maculosa roots (Chapter 2)
showed significant treatment effects at a = 0.05 (Figure 3.4). However, 1 showeda
marginal response to the interaction between light and soil N treatments (p= 0.0628).
Concentrations of 2, which represents the most abundant polyacetylene constituent in the
root tissues, were also marginally dependent on soil N levels (p = 0.090) and light (p=
0.109), but not their interaction (p = 0.5964). The experimental design, with lightas the
main plot in the split-plot design, may in part explain the weak response of polyacetylene
concentrations to light, since this design allowed less sensitivity for detecting differences
due to light effects. Comparison of individual mean responses (Figure 3.4) shows
polyacetylene concentrations to be highest when the C:N balance was highest (Figure 3.2a).
Compound 2 is 1.6X greater under the highest C:N treatment (high light, low soil N) than
under the lowest C:N treatment (low light, high soil N; p= 0.0023; Fisher's Protected LSD,
a = 0.10). Neither light nor soil N levels had detectable effects on concentrations of 3 (p >
0.137 for all effects). Evaluation of the polyacetylene concentrationsas a single, combined
response did not result in detection of treatment effects (p > 0.12 for all effects).
However, the total combined polyacetylene content per plant (Figure 3.5) showeda
significant interaction between light and soil N treatments (p= 0.0001). Of the individual
responses, only the two shade treatments did not differ significantly from one another
(p = 0.064, a = 0.05), which might be expected since the root biomass of thesetreatments
was not greatly different either (Figure 3.1a).'0
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Figure 3.4. Average relative polyacetylene concentrations (mV /gram dry weight, + SE)
per sample of C. maculosa plants following treatment with high and low light and soil N, in
all combinations.
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Figure 3.5. Total polyacetylene contentper individual C. maculosa plant (mV + SE)
following treatment with high and low light and soil N, in all combinations.46
3.4. Discussion
3.4.1. Cnicin tissue concentrations.
Growth responses of C. maculosa to each treatment combination providea
physiological context for the observed effects of light and soil Non concentrations of
cnicin. For instance, high soil N increased biomass accumulation, but lowered
cnicin/gdw as cnicin concentrations were diluted by thenew biomass. Foliar N
concentrations, which reflect both N uptake and resultant dilution by growth,represent
the C:N ratio in a plant. Both soil N and light significantly affected the C:N ratio.
However, cnicin concentrations were not significantly correlated to light levels,nor were
they correlated to the C:N ratio across all treatments. While foliar biomass increased
under high light, cnicin content increased as well, but only enough to maintainconstant
concentrations between light treatments. The large root biomass under high light
treatments, rather than increased cnicin concentrations, seems to account for allocation of
excess carbon, signifying allocation to readily mobilized growth reserves rather than to
increased concentrations of defensive chemicals.
Although cnicin concentrations per gram dry weight did not increase during light-
induced growth, they did remain equivalent. This indicates that cnicincontent increased
proportionally with leaf biomass, allowing cnicin concentrations to resist growth dilution.
In order for a leaf to gain cnicin in relation to either biomassor area, 1) new trichomes
must form to maintain a uniform trichome density on the epidermis, or 2) individual
trichomes must produce more cnicin/structure,or 3) both of the above must occur.
Which mechanism is responsible for cnicin gain could be determined by counting
trichomes on the leaf surfaces and comparing cnicin concentrationsto trichome densities.
3.4.2. Cnicin surface concentrations
In a study by Lincoln and Mooney (1984), light effects for resin production for
the shrub Diplacus aurantiacus were indistinguishableon a dry weight basis, but were47
significant for resin production expressed per unit leafarea. Since cnicin is produced in
glandular trichomes found only on the epidermal surface, expansion of the leaf surface
area without generation of new trichomes could alter trichome densities and,
consequently, two-dimensional cnicin concentrations. For thisreason, we quantified
cnicin on a single-sided leaf area basis. While cnicinper gram dry weight demonstrated
no apparent relation to light levels, both light and soil N were responsible for area-based
cnicin concentrations (cnicin/cm2). Cnicinwas denser on smaller leaf surfaces, and more
dilute on expanded leaves. Thus, light and soil N effectson growth patterns indirectly
affected cnicin concentrations per unit area, since leaf sizewas influenced by both
factors. Leaf area and biomass were influenced mainly by soil N, with larger leaves
occurring under high soil N, but light mediated how leaf area and biomasswere related,
as demonstrated by SLA values. For example, leaf areas were similar under high soil N
for both light treatments, but biomass was greater under high light. The difference in
SLA between these treatments reflects the thinner leaf morphology found under shade
treatments. Cnicin concentrations per unit biomass were similar between soil N
treatments, but the distribution differed: the thicker leaves of light treatments hadmore
cnicin per unit surface area than did thin, shade-treated leaves. It is possible that this
difference in cnicin density on the leaf surface may have implications forsome
herbivores. Differences in surface area cnicin concentrations presentedto potential insect
herbivores may be important ecologically for certain species, suchas small insects or
insect larvae that feed on leaf surfaces rather than biting throughan entire leaf. However,
as observed by Lincoln and Mooney (1984), the concentrations of defensive chemical
ingested per unit leaf biomass influence growth and survivorship for insect larvae and
similar herbivores, whereas concentrationsper unit area are not appropriate expressions
of herbivore protection by leaf chemicals. Predictions for othertypes of herbivores which
may be exceptions to this rule are unfortunately beyond the scope of this study.48
3.4.3. Implications
Cnicin concentrations, both per gram dry weight and per cm2, support the
hypothesis that when soil N was high, biomass accumulationwas favored over that of
cnicin, causing a dilution in cnicin concentration and content in the leaves. This
observation follows the predictions of the C:N balance hypothesis (Bryant et al., 1983)as
well as the predictions of Coley et al. (1985).
The C:N balance hypothesis (Bryant et al., 1983) predicts that secondary
metabolites will increase in concentration as the internal C:N ratio rises. On the other
hand, when internal N levels are high, more photosynthatecan be allocated to primary
metabolism since N-containing compounds such as enzymescan be synthesized. The
high concentrations of cnicin under low soil N conditionsappear to be consistent with
these predictions. However, there was no change in cnicin concentrationsper gram dry
weight corresponding to light-induced changes in the C:N ratio,even under nutrient-poor
conditions. This did not follow the predictions of the C:N balance hypothesis.
According to Coley et al. (1985) and Bryant et al. (1983),one might expect cnicin to be
more concentrated in tissues of light-treated, low soil N plants than in those grown under
shade, since they predict that nitrogen-poor tissues will show increased biosynthesis of
defensive chemicals if fixed carbon is abundant. Instead, the apparent carbon sink for
high light treatments was primary growth, and especially root growth,as manifested by
the greater root to shoot ratio of high light treatments than their shaded counterparts.
This indicates that carbon was being sequestered belowground instead of being used for
aboveground chemical defense. It is possible that carbonwas sequestered in other
secondary metabolites which were not analyzed in this study; however, itappears that a
large bulk was stored in the roots, presumably as starch. This strategy makessense in
light of the plant's rapid growth rate, since starch, unlike cnicin, isan energetically
inexpensive storage product, and can be mobilized quickly when environmental
conditions favor growth.49
Another insight is gained by comparing cnicinper leaf with cnicin per unit dry
weight, supporting the hypothesis that part of the survivalstrategy of C. maculosa
involves large expenditures of its carbon budgeton primary growth, at risk of losing
biomass occasionally to herbivory. Light and soil Nwere both significantly related to the
abundance of cnicin per average leaf As expected if cnicin biosynthesisis indeed
sustained during light-induced rapid growth, the high light, high soilN treatment resulting
in the most biomass per leaf also contained the most cnicinper leaf However, these same
plants had the lowest levels of cnicin/gdw, presumably from the dilution effectof high N-
induced biomass accumulation. Loss of nutrients to herbivorymay have been less
detrimental to these larger plants. Loss of foliage fora smaller plant represents loss of a
greater proportion of its total biomass, implying greater trauma and thereforegreater
importance for herbivory deterrence (Tuomi et al., 1984). Indeed, plantsin our experiment
with the lowest biomass had the highest concentrations of cnicinper gram dry weight, and
vice versa.
3.4.4. Polyacetylene analysis
The concentrations of root polyacetylenes reflected only slight influencesby the
light and soil N treatments. Although the effects for 2, the majorpolyacetylenic
constituent, were very marginally significant, the resulting trend matchedpredictions of
the C:N balance hypothesis. When photosynthate poolswere high due to high light
(confirmed by large root biomass, demonstrating high C storage),polyacetylene levels
were highest. Under reduced light, levels of polyacetylenes droppedas did the overall
root biomass. In each case, high soil N caused an upward shift in internal N
concentrations in the roots, and a corresponding, although slight, downwardshift in
polyacetylenes. Due to the volatile nature of these compounds, and giventhat they may
be exuded into the soil surrounding the root tissues, it is feasible thatpolyacetylenes may
diffuse equally throughout all root tissues, and consequently thatthey are not structurally
sequestered as is cnicin. It is also possible that tissue concentrations donot accurately
predict the bioactive potential of the polyacetylenes. For instance,under high light with50
high soil N, plants produced fewer polyacetylenesper unit weight than under low soil N.
However, the high light, high soil N plants may been better protected because they
produced considerably more root tissue from which to exude defensive chemicals,as
demonstrated by the large total polyacetylene content for these treatments comparedto the
others. On the other hand, if the root polyacetylenesare extremely toxic to rhizosphere
target organisms, perhaps only a small threshold concentration isnecessary for deterrence
of root antagonists, and small roots may produce ample concentrationsto deter herbivores
in the soil or to inhibit competitive plant growth nearby. Such phenomena wouldnot be
reflected in our data.
3.5. Conclusions
In summary, the carbon-nutrient balance hypothesis successfully predicted that
cnicin concentrations in C. maculosa aerial tissues would increase under low soilN. The
effect of light on cnicin concentrations in spotted knapweed didnot follow the prediction
of the carbon-nutrient balance hypothesis when cnicinwas considered on a dry weight
basis, although when we quantified cnicinon a leaf area basis, the predicted response to
high light was observed. The size and density of rosette-stage leaves in C. maculosa
change in response to the available soil N and light, and these changes in leafstructure
influence the concentration of cnicin foundper unit biomass as well as per unit leaf area.
High C:N ratios induced by low soil N availability result in highroot to shoot ratios
(presumably due to N stress), reduced growth, andmore cnicin in the foliage. In contrast,
high C:N ratios induced by high light conditions result in similarly highroot to shoot
ratios (presumably for storage), but induce rather than reduce growth andcause no
changes in cnicin concentrations. Cnicin concentrations in rapidly growing tissuesunder
high light conditions may remain static rather than increasing because theplant seems to
allocate most of its photosynthate to rapid growth of both root and foliar tissues,rather
than to secondary chemistry, and by increasing total biomass, reduces its sensitivityto
herbivory losses.51
Root polyacetylenes were found to respond according to the predictions of the
C:N balance hypothesis of Bryant et al. (1983) as well as to those of Coley et al. (1985).
Although the differences between treatments were very small, they adheredmore closely
to the expected response pattern than did cnicin. Both cnicin and polyacetylenes are
bioactive compounds which almost certainly function in defense, and both fluctuate
within the context of their environmental conditions. Such fluctuationsmay be pertinent
for consideration in planning appropriate biocontrol strategies foran infested area.
Further analysis of the role of polyacetylenes for spotted knapweed, as wellas evaluation
of the responses of herbivores to varying concentrations of cnicin,are necessary in
constructing a more complete understanding of the chemical ecology of spotted
knapweed.52
CHAPTER 4. EFFECTS OF LIGHT AND WATER ON CNICIN
CONCENTRATIONS IN EXISTING FIELD STANDS OF C. MACULOSA
4.1. Introduction
In order to make predictions about cnicin concentrations in natural populationsof
C. maculosa, an assessment of cnicin responses to differences in environmental
parameters in existing field populations was necessary. A field studywas carried out
near Madras, Oregon, at a site where spotted knapweed is abundant. The study addressed
the effects of different water and soil N levelson the production of cnicin by mature
plants and first-year rosettes in an already-established population. Spottedknapweed
grows lushly in areas close to water sources such as streams, irrigation ditches, irrigated
fields, or reservoirs (personal observation). I hypothesized thata water supplement
would have a positive effect on knapweed growth,as well as on cnicin and polyacetylene
concentrations, due to increased potential photosynthesis and correspondinglyhigher
pools of carbon-based compounds. Addition of soil N, incontrast, was hypothesized to
reduce levels of cnicin and polyacetylenes, basedon the predictions of Bryant et al.
(1983) and Coley et al. (1985).
4.2. Methods
4.2.1. Location
The field study was carried out from May to August of 1996, in JeffersonCounty,
township 10S, range 14E, section 3, in the far southwestcorner on a portion of the Crooked
River National Grasslands locally knownas Cotter Pond. The site is five miles north of
Madras, in a valley west of the junction of Fern Road and Highway97. The site was
burned several years ago (D. Langland and G. Miller, OregonDepartment of Agriculture
Weed Control, personal communication), which facilitated the establishmentof a large
population of spotted knapweed. The lower end of the valley ends ina small rock canyon.53
The upper end of the valley was used as a bull pen at several times during theyear. No
other use was apparent.
4.2.2. Experimental design
The site was set up in a randomized complete block design, with four blocks each
containing four plots. Each plot was nine meters square and contained at least 18 plants
over one year old. Each plot was separated from the rest by a buffer zone three meters wide
and was randomly assigned one of the following treatments:
1) Nitrogen amendment
2) Supplemental water
3) Combined nitrogen and water amendments
4) Control
4.2.3. Treatments
Nitrogen (N) was applied in the form of ammonium nitrate (NH4NO3 )at a rate of
100 kg/ha (10g/m2), applied in two treatments of 50 kg/ha,as in Lajtha and Whitford
(1989). Treatments were applied the last week of May and again during the first week of
June. The NH4NO3 was solubilized in water, and equal volumes of plainwater were added
to each plot not receiving an N treatment.
Water was added semi-monthly at a rate of three times theaverage rainfall for that
time period. Average monthly values were calculated from Oregon Climate Service data
from the Madras station, using data collected between 1961 and 1990. Average daily
temperature, weather, and precipitation data were obtained prior to and throughout the
course of the study from the North Unit Irrigation District in Madras. Thus, including the
ambient rainfall, plots receiving water treatmentswere approximately 4X wetter than
normal. However, June, July, and August were successively drier than usual,so any water-
induced effects should have been magnified.54
4.2.4. Harvest
Every four weeks throughout the study, leaves from rosette plants and first-year
bolts were sampled for cnicin concentration. The study was terminated when mature plants
began to senesce in August, although due to the non-uniform phenology of mature plants,
even within the same plant, not all foliage was at the same phenological stage. Rosette
plants also ranged from tiny to quite robust, and the number of live rosettesper plot
declined over the season, presumably from drought stress.
Triplicate samples for cnicin analysis plus an additional sample for tissue N
quantification were collected from each treatment. Due to age uniformity considerations,
only small rosette plants were randomly collected from each plot (since larger plants might
have been immature 2nd season plants, or have germinated the previous fall, and thus hada
head start). Because of their minimal biomass, rosette plants were collected in composites
of 3 plants/sample. Mature (bolted) plants were sampled by choosing only 2ndseason
plants (plants with a single bolted stem) of similar phenological stages and randomly
selecting from among these. Although the sampling method for both the rosette and mature
plants may have been biased, the goal was to obtain samples of uniform phenology with
live foliage. All samples were harvested one block at a time, to equalizeany effects of
daytime temperatures or direct sunlight on any particular treatment. Entire plantswere
harvested, and aerial portions were separated from roots at the root collar. Both portions
were stored on dry ice during transport to the laboratory, and until biomass and leaf area
measurements were completed. Aerial portions were then dried at 50°C for 72h and roots
were stored at -40°C until further analysis.
4.2.5. Statistical analysis
Data were subjected to analyses of variance tests using the general linear model
procedure of SAS (SAS Institute Inc., 1996), to assess main effect (water, soil N) and55
interactive influences on concentrations of cnicin and tissue Ncontent. Differences in
mean responses were measured using Fisher's Protected LSD (cc=0.05).
4.2.6. Chemical analysis
Cnicin and foliar N were quantified as in Chapter 3. Mature foliagesamples
consisted of both stem and leaf tissues.
4.3. Results
Foliar N content (Figure 4.1) in foliage from rosette-stage plantswas sensitive to
the interaction of water and soil N effects (p= 0.0441). The majority of this effect was
due to the large N concentrations in water & Ntreatments, which were at least 50%
greater than those of the other three treatments (p < 0.0011 for all comparisons).The N-
treated rosette foliage contained 23%more tissue N than controls (p = 0.0472). Mature
foliage did not exhibit treatment-based differences in foliar Nconcentrations (p > 0.3172
for all effects).
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Figure 4.1. Foliar N concentrations (% dry weight, ± SE) inrosette and mature
foliage of C. maculosa field plants following treatments with soil Nand water.56
Cnicin concentrations (Figure 4.2) did not differamong treatments in rosette-stage
foliage, despite the differences in N concentrations for these plants (p> 0.1443 for all
effects). In aerial tissues of mature plants, no significant differenceamong treatments
was detected (p > 0.2028 for all effects).
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Figure 4.2. Cnicin concentrations (% dry weight, + SE) in rosette and mature
foliage of C. maculosa field plants following N and water treatments.
4.4. Discussion
A very slight effect is visible in both the mature and rosette foliage whichmay
reflect C:N predictions, although it is not statistically significant. The water/Ntreatment
combination, in both cases, resulted in the lowestaverage cnicin concentrations. These
plants also exhibited the most lush, deep green foliage andwere the slowest to show
browning of stems that preceded senescence. It is possible that in the dry soils ofthe
field plot, N-only applications remained in the topmost soil layer andwere not carried
deeper since rain was infrequent. The semi-monthly watering of the water/Ntreatments
may have provided such a carrier for the soil N. To rule out late fertilization as a cause
for the lack of significant treatment effects, the field study would needto be repeated with
an application made the previous fall, before the majority of germination.57
The lack of a significant cnicin response in foliage of mature field plants isnot
surprising, since the foliar N did not respond to treatments either. This indicates that the
environmental manipulations I imposed had littleor no effect on the internal C:N ratio.
A reason for the lack of effect for mature plants may involve their largetaproot; perhaps
the near-surface soil amendments of N and water did notcause a substantial change in
soil N or water availability for these plants, whose rootsare able to tap into reserves deep
in the soil.
The absence of a significant cnicin response in rosette-stage plantsmay have to do
with the developmental stage of the plant at the time of treatment initiation.Since many
of the rosettes had already emerged at the onset of treatments, trichomesmay have
already developed to a pre-set number and thus been impervious to changes in the
internal C:N ratio. Trichome formation is a regulated developmentalprocess involving
determination of trichome spacing by predetermined cell lineageor cell signaling to fix
the destiny of trichome progenitor cells (Larkin et al., 1997; Marks, 1997).In
Arabidopsis, trichome initiation occurs only at regions of active epidermal cell division
(Marks, 1997). It was not possible to monitor rosettes for developmentalstage or
trichome generation. Thus, I could not determine whethersome or all of the plants
sampled were past a point at which new trichome development could take place,either
because of predetermined trichome spacingor cessation of epidermal expansion.
However, the latter is unlikely since new (actively growing) leaveswere continuously
generated on rosettes as they matured. Predetermined trichome spacing alsoseems
unlikely to be a significant factor for cnicin production, since cnicin concentrationsof
rosette tissues in the greenhouse study (Chapter 3) were susceptible to manipulation,
suggesting that either cnicin content within the trichomes,or trichome numbers
themselves, are not entirely predetermined. However, greenhouse plants (ofa similarly-
aged cohort) began their course of treatment quite early in their development.C. diffusa
and C. maculosa have identical trichome structure for both for hairy andglandular
trichomes (Upadhyaya and Furness 1994). These authors demonstrated that inC.
diffusa, trichome numbers were responsive to environmentalstress. Trichome density58
was evaluated in greenhouse-grown seedlings following a course of soil moisture stress
treatments, and uniseriate (hairy) trichome numbers decreased significantly with
increasing soil moisture stress. Long, ribbon-like structures extending from thetips of
these trichomes, and composed of a waxy substance,on the other hand, increased with
increasing soil moisture stress. No data were reported for glandular trichomes;however,
the plasticity of hairy trichome numbers suggests that glandular trichomedensities on the
leaf surface may not be static, either. Precise effects of environmentalconditions on
glandular trichome density, structure, and cnicin content for C. maculosahave yet to be
determined.
4.5. Conclusions
Field data provides a necessary real-life checkon artificially manipulated studies.
Knowledge of the responses of cnicin or polyacetylenes to natural environmentalstresses
and fluctuations are necessary to determine whether the phenomenadescribed for the
greenhouse study in Chapter 3 are valid in C. maculosa communities.Factors such as
competition, soil type, precipitation, or herbivory stressare among those which might
alter or mask responses observed in the greenhouse. Althoughstrong differences in
responses were not observed for this field study, an autumn fertilizer application might
enhance the responses. This is especially true since C. maculosamay germinate and
begin growth in either the fall or spring. Investigation of trichome numbersin response
to environmental changes may also provide useful insights for the prediction of cnicinin
foliage of spotted knapweed. Although further study isnecessary in this area, C.
maculosa provides an interesting model plant for whichto test the predictions of
chemical defense hypotheses, and these insightsare meaningful for land managers
concerned with the eventual control of this weed.59
CHAPTER 5. PROJECT SUMMARY
5.1. Summary of research
5.1.1. Polyacetylene isolation and characterization
The production of 13-C straight-chain polyacetylenes by C. maculosaroot tissues
was verified, and structures were assigned to those constituents detected by HPLC and GC-
MS analyses. Bioactivity of root extracts containing polyacetyleneswas demonstrated.
Further studies might investigate the bioactive potential of each individual polyacetylenic
component directed toward ecologically pertinent rhizosphere organisms in native soil.
5.1.2. Effects of light and soil N on concentrations of cnicin and polyacetylenes in
greenhouse plants
Concentrations of cnicin and root polyacetyleneswere measured in response to soil
N and light manipulations imposed in a greenhouse situation. Cnicin concentrationsper
gram dry weight of foliar tissue responded to soil N levels only, whereas cnicin
concentrations per unit leaf area corresponded to changes in both light and soil N levels.
Dilution of cnicin concentrations by increased dry biomass,or by leaf expansion and
etiolation, were responsible for differences in cnicin concentrations of foliar tissues.
Constant cnicin concentrations per unit dry weight between high and low light, despite
growth differences, suggests that the metabolite is produced ata rate equivalent to growth
rates under fixed N conditions. Total polyacetylene contentper plant differed significantly,
with larger roots containing more total polyacetylenes than smallerroots. Polyacetylene
concentrations per unit dry weight did not respondas vigorously to treatments as did cnicin
concentrations, and any inferences were made from non-significanttreatment effects. Both
cnicin and polyacetylene concentrations followed the predictions of theresource availability
and carbon-nutrient balance hypotheses with regard to soil Ntreatments. Polyacetylenes
also responded to light treatments as predicted. However, lightwas only a significant factor
for cnicin responses when cnicin concentrationswere evaluated on a two-dimensional basis60
instead of a dry weight basis. Further analysis of cnicinresponse to environmental factors
might involve trichome quantification. Knowledge of theresponse of defensive compounds
in C. maculosa to environmental conditionsmay be useful in planning successful
deployment of the several types of biocontrol agents currently available forthis rangeland
weed.
5.1.3. Effects of water and soil N on concentrations of cnicin in field plants
Concentrations of cnicin were also measured ina field experiment performed on
existing stands of C. maculosa. Although treatment effects for cnicinconcentrations were
not significant, a stronger response might be generated if the experimentwere repeated with
fall applications of fertilizer.
5.2. Overall conclusions
The original hypothesis for this thesiswas:
HO: Manipulation of light, soil water, and/or soil N levels willnot cause changes in the
concentrations of polyacetylenes and cnicin in tissues of C. maculosa.
HA: Concentrations of cnicin and polyacetylenes in tissues of C. maculosa willchange
upon manipulation of light, soil water, and/or soil N levels.
I predicted that tissue concentrations of cnicin and polyacetylenes wouldincrease
under stress from limited N, but decrease from reduced photosynthesisdue to limited water
or light. The greenhouse experiment showed cnicin concentrations to be higher under
limited N, but light did not have an effecton the metabolic processes involved with cnicin
(i.e. there did not appear to be a shift in carbon allocation from primaryto secondary
metabolism), although a basal concentration of cnicin seemedto be maintained regardless
of light. Rather, light effects were secondary via growthpatterns, which caused cnicin to be
diluted or concentrated per unit leaf tissue. The effects of N,as well, seemed to be due to
enhanced growth in the presence of adequate N, resulting ina dilution effect for cnicin61
concentrations in vigorously growing foliage. Light not only altered leafsize and shape but
also enhanced root growth, resulting in large allocations of carbonto underground tissues,
and only maintenance levels to above-ground chemical defense in theform of cnicin. Field
data were more ambiguous, and no strong conclusionscan be drawn from these. However,
field data will be necessary to determine whether fluctuations observedunder greenhouse
conditions actually occur under natural conditionsas well.
Identification of polyacetylenic structures from North American populationsof C.
maculosa allows inferences regarding bioactive properties. Two ofthe structures isolated
from European populations, 1-tridecene-3, 5, 7, 9,1 1-pentayne and (E)-1,1 1-tridecadiene-
3,5, 7, 9-tetrayne, demonstrate biological activity in vitro and it follows thatthe same
compounds from North American populations share these toxic properties.Ecological
functions for these chemicals may be difficult toprove, but demonstrations of in vitro
toxicity suggest that polyacetylenesmay potentially represent an intriguing component of
the success of C. maculosa.62
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